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  Abstract 
Composite materials based on epoxy matrix and single-walled carbon nanotubes (SWCNTs) are able to 
exhibit outstanding physical properties improvements when using a tailored covalent functionalization with 
matrix-based moieties containing terminal amines or epoxide rings. The proper choice of grafted moiety 
and integration protocol makes feasible to tune the composite physical properties. At 0.5 wt% SWCNT 20 
loading, these composites exhibit up to 65% improvement in storage modulus, 91% improvement in tensile 
strength, and 65% improvement in toughness. A 15ºC increase in the glass transition temperature regarding 
the parent matrix was also achieved. This suggests that a highly improved interfacial bonding between 
matrix and filler, coupled to improved dispersion are achieved. The degradation temperatures show an 
upshift in the range of 40-60ºC, which indicates superior thermal performance. Electrical conductivity 25 
ranges from ~10-13 to ~10-3 S/cm, which also shows the possibility of tuning the insulating or conductive 
behaviour of the composites. The chemical affinity of the functionalization moieties with the matrix and the 
unchanged molecular structure at the SWCNT/matrix interface are responsible for such improvements. 
Published in Nanotechnology 23:285702, 2012 
 1. Introduction 
Within the last two decades, the discovery of nanostructured carbon materials, namely fullerenes, carbon 
nanotubes (CNTs) and graphene, has boosted a revolution in the field of the science and technology of 
materials. [1,2] The incorporation of these nanoscale materials into bulk matrices as fillers for composite 
materials is currently a very active subject of research. Many studies have been devoted to the preparation 5 
of composite materials with improved properties owing to the extraordinary features of these fillers, with 
low dimensionality (monodimensional, as CNTs or bidimensional, as graphene), low density and excellent 
mechanical, thermal and electrical properties. [3] This excellent performance provides a valuable potential 
for the development of light-weight polymer composite materials for aerospace and automotive 
applications. 10 
 Epoxy resins are the most widely employed materials from among thermosetting polymers, particularly 
for applications where a light-weight material is desired. There has been great effort invested in researching 
on the preparation of composite materials based on epoxy matrices and CNTs. [4,5] However, it is widely 
reported that a number of intrinsic drawbacks in CNTs hinder their true potential for the development of a 
complete transfer of properties from the nanoscale filler to the bulk matrix. These drawbacks are known to 15 
be related to the surface characteristics of CNTs and their as-grown state, i.e. agglomeration and 
entanglement, or the formation of bundles of individual tubes in the case of single-walled carbon nanotubes 
(SWCNTs). The bundling tendency exhibited by SWCNTs represents a severe obstacle to their proper 
dispersion into polymer matrices and processing of the as-made composite materials. Without a suitable 
state of dispersion of SWCNTs, and good interfacial adhesion to the matrix, the final properties of their 20 
polymer composites will always fall below the expected values. 
  Numerous approaches have been proposed to overcome such drawbacks, particularly in epoxy-
based composite materials. Processing steps are often implemented in order to act over the polymer-
SWCNTs blend to improve dispersion and alignment. High-shear forces [6,7] or high-power ultrasounds 
[8,9] can lead to the improvement in physical properties and a drastic reduction in the electrical 25 
percolation threshold. Likewise, great research efforts have been undertaken in the pre-treatment of the 
CNTs prior to their incorporation by covalent and non-covalent functionalization. [10] In the non-
 3
covalent approach, different kinds of surfactants or polymers are utilized to disperse and disentangle 
CNTs in liquid media promoting their integration in the epoxy matrix, while preserving the structural and 
electronic integrity of the nanotubes. In this field, block copolymers are particularly useful for achieving 
well-dispersed SWCNTs in epoxy matrix, improving mechanical and electrical properties of the parent 
matrix. As a matter of fact, the synergistic combination of acid-treated SWCNTs and Pluronic block 5 
copolymer leads to a very large tensile toughness inprovement. [11]  
 Despite the advantages that the non-covalent approach offers, covalent modifications of CNTs prior to 
the integration into an epoxy matrix are the most explored in the literature. [10] The possibility of achieving 
covalent bonding could lead to a more efficient interfacial connection between the filler and the matrix than 
the interfacial interaction effect provided by non-covalent means. With this aim, many covalent 10 
functionalizations of SWCNTs have been published for their incorporation in epoxy matrices, where the 
chemical oxidation and/or grafting of terminal amines seem to be the most used methods. [10] However, the 
molecular composition of all the employed functionalization moieties is different from that of the parent epoxy 
matrix, which causes a heterogeneous crosslinking at the CNT-epoxy interface. This could locally increase 
polymer chain alignment and molecular mobility at the interface, favouring the epoxy fatigue resistance and 15 
toughening through crack bridging by epoxy fibrils. [12] This mechanism is different from the classical 
conception of toughening in fibre-reinforced epoxy composites, where the crack interfaces are bridged by the 
fibrous filler and not by epoxy chains or fibrils. With uniform epoxy crosslinking at the CNT-epoxy interface, 
the toughening mechanism is expected to depend exclusively on the filler potential to hinder crack 
propagation, which, coupled to a robust covalent bonding between filler and matrix, should ensure improved 20 
transfer of properties, hence improved composite features. 
  The integration of CNTs into epoxy matrices is typically carried out by mixing the filler with the 
epoxy precursor and/or the hardener (curing agent) and performing the thermally activated crosslinking 
reactions of the resulting blend. [13] If one of the epoxy components is a low viscosity liquid, the integration 
can be focused on dispersing CNTs into this phase. However, this is not often the case, since most of the 25 
known epoxy chemicals are solids or viscous liquids. For this reason, the most common integration approach 
is to aid CNT dispersion with organic solvents and subsequent evaporation before the curing stage [13]. 
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According to the literature, the integration of CNTs into epoxy matrices using solvent processing causes the 
solvent traces to remain (even after a careful evaporation [14]) and the generation of SWCNT dispersion 
inhomogeneities if the evaporation is not carried out fast enough. [15,16] This fact has been reported to cause 
worsening in the matrix performance, such as hardness, flexural modulus or glass transition temperature (Tg). 
[14,17] Therefore, this must be carefully taken into account when analyzing the results of as-made composites. 5 
Further, chemical strategies could be developed to increase the chemical affinity of CNTs to the matrix and to 
boost their miscibility, enabling their integration without participation of solvents, even for high-viscosity 
matrices. Another alternative, previously reported in the literature, [18] is to create reactive CNT fillers ending 
in primary amine groups. Nevertheless, the incorporation of amine-functionalized CNTs does not warrant an 
optimum dispersion. The authors have previously reported that, depending on the CNT attached amine moiety, 10 
the epoxy composite properties can be considerably different and the chemical nature of the functional groups 
is of paramount importance. [18] 
  In this paper, we have used a previously developed simple functionalization approach (consisting of 
the covalent grafting of amine- and epoxide-terminated molecules based on our epoxy system architecture to 
SWCNTs) through the in situ diazonium reaction. [19] We performed the covalent grafting of an aromatic 15 
amine hardener, 4,4’-diaminodiphenyl sulfone (DDS), using this chemical route and also the covalent 
attachment of tailored pre-synthesized ligands based on our epoxy native structure. Our epoxy precursor, 
triglycidyl-p-aminophenol (TGAP), was allowed to react in controlled stoichiometry with DDS and then 
different derivatives which contained terminal amines (AD) or epoxide rings (ED), could be isolated. These 
derivatives were utilized for covalent functionalization using the diazonium reaction (AD) or nucleophilic ring 20 
opening coupling (ED). In addition, this functionalization anchors diphenyl sulfone groups (which possess 
large thermal stability) on the SWCNT sidewalls. An overview of the functionalization approach is shown in 
Figure 1. This approach allowed obtaining functionalized SWCNTs with high miscibility in the epoxy matrix 
and with noticeable improvements in the dispersion state and the rheological behaviour of the epoxy-SWCNTs 
blends. [19] The integration through solvent-processing was also utilized in order to show the effect of the 25 
integration protocol on the composite properties. The curing and manufacturing of such composites were 
expected to provide improved physical properties while conserving the original crosslinked architecture at the 
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interface. This work aims for the comprehensive characterization of all these composites and we offer evidence 
that both the functionalization approach and the integration protocol are important in the composites final 
physical properties. 
 
2. Experimental Section 5 
2.1. Materials and reagents  
As-grown SWCNTs synthesized by the laser method (L-SWCNT) and by the arc-discharge method (A-
SWCNT) were used for this study without additional purification. The former were synthesized using an 
improved laser-oven method, [20] while the latter were produced by the large-scale arc discharge SWCNT 
production [21] using Ni/Y catalyst at 4/1 atomic ratio. A detailed characterization of these materials can be 10 
found in the supplementary information (Table and Figure S1). The TGAP epoxy resin with the trade name of 
Araldite MY0510 and the DDS hardener were supplied by Huntsman International. All other chemicals were 
purchased from Sigma-Aldrich and used as received without further treatment. Bath sonication (45 kHz 
Branson 3510) and ultrasonic probe sonication (Hielscher DRH-P400S; 400W maximum power; 24 kHz 
maximum frequency at 60% amplitude and 50% cycle time) were employed as indicated below. Hydrophilic 15 
PTFE membranes (0.1 μm pore size, 47 mm diameter) were used for vacuum filtration. 
 
2.2. Functionalization procedures  
The functionalization of SWCNTs was conducted through the in situ formation of an aryl diazonium salt and 
reaction with the SWCNT sidewalls as described by Bahr et al., [22] but using the DDS molecule as the 20 
arylamine to perform the diazonium route. In addition, two derivatives were synthesized using TGAP and 
DDS. The first derivative, AD, contained terminal amine groups and the second, ED, contained terminal 
epoxide rings (see Figure 1). The functionalization of SWCNTs with the AD molecule was conducted using 
the diazonium reaction in a similar protocol to that used in the DDS functionalization. The ED derivative was 
grafted on the SWCNT sidewalls using DDS-functionalized SWCNTs and a thermally activated ring-opening 25 
was performed. Full details on the preparation and characterization of these derivatives and functionalized 
SWCNTs can be found elsewhere [19]. The AD functional group, as well as the DDS, possesses more than one 
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aromatic amine within their molecular structure and therefore they could undergo diazonium reaction at 
different sites with one or more SWCNTs. However, the control on the reaction stoichiometry allowed us to 
have free amine groups after the functionalization process. [19] The most probable outcome of the diazonium 
reactions is that schemed in Figure 1, since the reaction of the rest of amines with the own nanotube or with 
other nanotubes, though possible, would be sterically self-hindered.   5 
 
2.3. Preparation of SWCNTs/epoxy composites  
Neat baseline epoxy (TGAP + DDS) was prepared by blending TGAP and DDS directly in a slightly off-
stoichiometric ratio (100/60) at 60ºC for 15 minutes. Different composites containing 0.1, 0.5 and 1 wt % of 
as-grown or functionalized SWCNTs were prepared by a solvent-free method including hot stirring and 10 
sonication. [23] In a typical experiment, 1g of TGAP was mixed with the required amount of filler and 
magnetically stirred at 60ºC for 45min. Then, the mixture was subjected to tip sonication for 15 minutes, with 
external refrigeration in a water bath at room temperature. After a few minutes of stirring at 60ºC, the DDS 
(0.6g) was slowly incorporated, stepwise, within a time period no longer than 30min. In a parallel preparation 
protocol, the integration was carried out by pre-dispersion of SWCNTs in organic solvent (DMF) at a fixed 15 
loading of 0.5 wt% SWCNTs. The suspension of SWCNTs in DMF was added to the TGAP monomer and 
mixed by mechanical stirring and bath sonication for 30 minutes. The DMF blend was then stirred at 70ºC 
under vacuum and mechanical stirring for 2 hours, and dried for 3 hours at 120ºC under the same conditions. 
These experimental procedures of integration have been optimized for a laboratory scale and for low 
SWCNT loadings. The viscosity of the epoxy blends raises considerably after adding SWCNTs, particularly 20 
if a solvent-free integration procedure is carried out, however, the method could be scalable to higher 
SWCNTs loadings up to approximately 5 wt%, if a proper technique (such as high-shear mixing or roll 
calendering) is employed. 
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Figure 1. (a) preparation of the AD derivative, (b) preparation of the ED derivative mixture, (c) 
functionalization of SWCNTs with DDS using diazonium reaction, (d) functionalization of SWCNTs with 
AD using diazonium reaction, (e) functionalization of SWCNTs with the ED derivative mixture by 
nucleophilic ring opening. For the sake of clarity, TGAP moieties are displayed in black while DDS 
moieties appear in red. Note that schemes of diazonium functionalization (1c-d) consist of the 
simplification of a wider scenario where other possibilities could take place, being those represented the 
most probable outcome. 
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 The epoxy blank samples were prepared using both procedures, respectively, but without adding 
SWCNTs, in order to verify the effect of the preparation protocol on the properties of the matrix. The curing 
was performed by casting the epoxy or composite blends in a steel dish mould (2 mm thick) sealed by 3-mm  
thick teflon plates, followed by curing at 160ºC for 45 minutes and 200ºC for 30 minutes in a Perkin Elmer 
hydraulic press coupled to a Greaseby Specac controlled heater under 3 tonnes of pressure. The samples 5 
were removed from the mould, transferred to a Carbolite LHT4/30 oven and postcured at 200ºC for 4 hours.      
 
2.4. Characterization techniques  
Scanning electron microscopy (SEM) observation was made in a Hitachi S3400N equipment, working in 
the secondary electron mode at high voltage (15 kV) and a working distance of 5 mm. Cured samples were 10 
fractured and the edge was sputtered with a 10nm gold layer prior to their observation.  
 The thermal and thermo-oxidative stability of the composites was analysed by thermogravimetric 
analysis (TGA) using a Mettler TA-4000/TG-50 thermobalance, at a heating rate of 10ºC/min. The 
temperature was scanned from room temperature to 800ºC under dry air or nitrogen atmosphere. 
Experiments were carried out on samples with an average mass of 150 mg, and the carrier gas flow rate was 15 
50 mL/min.  
 The dynamic mechanical performance of the samples was analysed by dynamic mechanical analysis 
(DMA) using a Mettler DMA 861 equipment. Experiments were performed in the tensile mode at a 
frequency of 1 Hz. A dynamic force of 6 N oscillating at fixed frequency and amplitude of 30 μm was used. 
The relaxation spectra were recorded in the temperature range between -100ºC and 325ºC, at a heating rate 20 
of 2ºC/min. The specimen dimensions were ~19.5 × 5 × 2 mm3. 
 Tensile mechanical properties of the composites were measured with an INSTRON 4204 tester at 
room temperature (23 ± 2ºC), using a crosshead speed of 1 mm/min and a load cell of 1 kN. Dogbone 
specimens (Type 1BB) were employed, as specified in the UNE-EN ISO 527-2 standard. Both sample 
surfaces were thoroughly polished prior to the measurements. At least five specimens for each type of 25 
composite were tested to ensure repeatability.  
 Direct current (DC) electrical conductivity was measured with a Keithley 4200-SCS source 
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measurement unit, working at 20 V. The specimen measurements were ~19.5 × 5 × 2 mm3. Composite test 
samples were placed in a sandwich-like arrangement using two copper sheets (0.2 mm thick). 
Measurements were carried out in a two-probe configuration, with each probe placed on different ~19.5 × 5 
mm2 rectangular surfaces of the test sample. 
 Raman spectra were recorded on a Renishaw inVia micro-Raman spectrometer. For Raman mapping, 5 
the top surface of 2 mm thick SWCNTs/Epoxy composites were successively polished using 600, 800 and 
1200 grit grinding paper. Mapping of the SWCNT concentration distribution was performed using a spectral 
imaging mode. Raman images were acquired for 80 μm x 120 μm regions at 1 μm intervals in X and Y 
using a 50x objective and an excitation wavelength of 785 nm. 
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3. Results and Discussion 
Chemical functionalization is known to provide the most significant reinforcement in polymer matrices. 
[5,10] There are several key aspects in the reinforcement of polymer matrices with CNTs, including proper 
load transfer, good dispersion and (less critically) SWCNT alignment. [13] Covalent bonding between the 
matrix and filler creates strong interfacial interaction which could enable an efficient stress transfer, being the 15 
most critical factor for a suitable mechanical reinforcement. 
  In this case, the chemical nature of the attached moiety is identical to that of the parent matrix. The 
incorporation of these fillers into the epoxy system was carried out without the participation of organic 
solvents, expecting an increase in the SWCNT/epoxy miscibility in all cases, as compared to 
unfunctionalized SWCNTs, this increase being much more pronounced in the SW-DDS and SW-AD 20 
samples. [19] The tailored functionalization in our composites was expected to deliver as much interfacial 
bonding as polymer chains among themselves because the epoxy molecular architecture is unmodified at the 
nanotube-matrix interface. The reinforcement of our functionalized SWCNTs was tested by evaluating their 
mechanical properties in two different ways: DMA performance, and the tensile (stress-strain) tests on cured 
composite samples at different SWCNT loadings. 25 
 
3.1. Dynamic mechanical analysis 
 10
DMA curves were registered for a set of composite materials with functionalized and unfunctionalized A-
SWCNTs and L-SWCNTs that were integrated solvent-free (see experimental section). The storage modulus 
values at room temperature were compared to those of the neat epoxy matrix (2.86 GPa), and the obtained  
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Figure 2. (a) Room-temperature storage modulus improvements for the composite samples integrated 
using solvent-free method at different filler loadings, in comparison to the TGAP/DDS baseline epoxy 
matrix; (b) Storage modulus and Tg values for the composite samples at 0.5 wt% with different preparation 
protocols. 10 
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improvements are given in Figure 2a. The incorporation of unfunctionalized SWCNTs provides an 
improvement in the epoxy modulus of about 30% for both types of SWCNTs at the highest loading tested (1 
wt%). In addition to these results, functionalization of SWCNTs with the DDS molecules or the AD 
derivative greatly enhances the DMA performance of the epoxy matrix, achieving modulus improvements up 
to 65% (1 wt% L-SW-AD), which represents a storage modulus value as high as 4.75 GPa and a glass 5 
transition temperature (Tg) increase of ca. 15ºC (see Figure S2 for absolute Storage modulus and Tg values in 
the supplementary information). The DDS and AD covalently grafted chemical moieties (DDS and AD) 
contain terminal amino groups that create a strong covalent anchoring to the matrix and a good dispersion 
(due to the chemical affinity for the matrix), leading to these improvements. Although both covalent 
functionalizations increase the storage modulus to similar values, the grafting with the AD derivative shows a 10 
higher improvement in Tg than DDS, being more significantly for L-SW-DDS and L-SW-AD with Tg values 
of 252ºC and 260ºC, respectively. However, the grafted moiety containing epoxide rings (ED derivative) 
causes poor modulus improvement, with this being only slightly higher than that achieved for 
unfunctionalized SWCNTs at 1 wt%.  
  This unexpected last result, coupled to former dispersibility tests in the epoxy matrix, [19] led us to 15 
think that the direct interface interaction between SW-DDS-ED and the epoxy matrix was not as good as 
initially expected. Despite SW-DDS-ED exhibiting better miscibility and dispersability in the epoxy matrix 
than unfunctionalized SWCNTs, the DMA performance of the cured composites showed that the solvent-free 
integration of these SWCNTs was ineffective to achieve a satisfactory transfer of properties with these 
specific functional groups. For this reason, we tried an alternative integration method based on the previous 20 
dispersion of functionalized SWCNTs in organic solvent, followed by mixing with the epoxy and then 
evaporation of the solvent (see experimental section). The organic solvent used was N,N’-
dimethylformamide (DMF). A set of composite materials containing each of the functionalized SWCNT 
fillers, was prepared all at 0.5 wt% SWCNT loading.  
  A comparison between the storage modulus values at room temperature of composites containing 25 
solvent-free or DMF-integrated SWCNTs is given in Figure 2b. In order to assess the influence of the 
experimental procedure on the matrix performance, blank samples of pure epoxy matrix subjected to the 
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same preparation procedure as that of the composites are shown in Figure 2b. The storage modulus and Tg 
values for the blank samples are lower than those of the parent matrix, with the solvent-free blank being 
visibly lower. This could be ascribed to the sonication steps applied in the experimental protocol, which 
would cause damage to the matrix, and in the case of the DMF method, to the residual solvent traces after 
evaporation. 5 
  The effect of improved dispersion and interfacial interaction in all the composite materials 
compensates for the sonication or the solvent treatment drawbacks, as seen in the storage modulus and Tg 
(Figure 2b). It is clear that there is a great difference between both preparation methods, which depend on the 
functional attached moiety. For non-functionalized SWCNTs or the amine-terminated functional groups, the 
DMF processing method offers results that are worse (in the case of SW-DDS) or equal (in the case of SW-10 
AD) than their solvent-free counterparts.  
  Composites containing epoxide-terminated SWCNTs (SW-DDS-ED) exhibit a drastic increase in 
storage modulus compared to their analogous composites using solvent-free integration. These surprising 
results indicate that interfacial interactions between SWCNTs and epoxy can be different depending on the 
chemical nature of the grafted covalent moiety and the integration method. The solvent processing method 15 
can have a detrimental effect on the storage modulus, as was observed for the case of the neat resin and 
composites containing unfunctionalized SWCNTs (Figure 2b). However, depending on the type of 
functionalization, this drawback can be overcome by improvements in dispersion and interfacial interaction. 
Finally, the Tg values are systematically lower (~4ºC, on average) for DMF-integrated composites in 
comparison to their solvent-free counterparts, which could be attributed to the aforementioned solvent 20 
treatment drawback. 
 
3.2. Tensile tests results 
Young’s Modulus, maximum tensile strength (σy), elongation at break (εb) and tensile toughness (calculated 
as the area under the curve) obtained from stress-strain tests for epoxy reference samples and composites at 25 
0.5 wt% are shown in Figure 3. It can be seen that the blank samples generally present worse results than the 
parent matrix as a consequence of the preparation procedures. The solvent-free incorporation of non-
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functionalized SWCNTs into the epoxy system produces a fair improvement in Young’s Modulus and σy of 
ca. 25% and 36%, respectively, but a detrimental effect in toughness and εb. The latter parameter tends to 
decrease drastically in epoxy resins upon incorporation of CNTs [24-27], which provokes a less ductile 
fracture behaviour, hence a detrimental effect on toughness.  
  The functionalization of SWCNTs with tailored molecules exhibits a significant increase in the tensile 5 
parameters of the resulting composites (as compared to the TGAP/DDS neat matrix) when the filler is  
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Figure 3. Mechanical parameters obtained from tensile tests of composite samples at 0.5wt% filler 
loading. (a) Young’s Modulus, (b) σy, (c) εb, and (d) toughness. The same colour code from Figure 2b, is 10 
applied: Brown, neat TGAP/DDS epoxy matrix; Orange, blank solvent-free; Yellow, blank in DMF; Blue, 
composites integrated using solvent-free; Green, composites integrated in DMF. 
 
integrated solvent-free. On the average, Young’s Modulus values attain improvements of 47% and 54%, 
while σy reaches  55% and 73%, for SW-DDS and SW-AD composites respectively. Improvements in tensile 15 
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strength are higher than the improvements that are attained for Young’s Modulus values (contrary to many 
results in CNT composites with other polymer matrices), suggesting that our approach is more effective for 
enhancing the strength of the polymer rather than its stiffness. These significant improvements indicate the 
existence of strong SWCNT-epoxy interfacial adhesion, which is capable of transferring the stress load 
effectively and preventing the sliding of nanotube bundles during tension. However, as previously mentioned 5 
for the DMA results, composites containing SW-DDS-ED show poor improvement when integrated solvent-
free, exhibiting tensile properties that are lower than or comparable to those achieved for unfunctionalized 
SWCNTs. The general effect of functionalized SWCNTs incorporated using solvent-free processing (with the 
exception of SW-DDS-ED) is to prevent the large decrease in εb, produced by the integration of 
unfunctionalized SWCNTs, which is reflected in toughness. The maximum improvement in toughness for 10 
solvent-free-integrated SWCNT samples is 39% (L-SW-DDS), which is noticeably large considering the high 
brittleness of epoxy matrices and the difficulty involved in toughening them without sacrificing other 
mechanical properties. However, this improvement is lower than that obtained by the authors using acid-
treated SWCNTs wrapped by Pluronic (276% improvement in tensile toughness at 0.5 wt% filler).  [11] 
  The incorporation of SWCNTs using solvent processing leads to composite materials with tensile 15 
parameters that are worse than their solvent-free counterparts, with the only exception of SW-DDS-ED. As 
observed for DMA results, composites containing SW-DDS-ED show drastically improved properties when 
compared to their solvent-free counterparts, achieving the highest σy and toughness values in this work (91% 
and 65% improvement as compared to the neat matrix, respectively). These improvements are among the best 
ever reported for SWCNT-filled epoxy resins [5,13] with such low filler content. The interface interaction 20 
between SW-DDS-ED and the epoxy matrix is strongly improved with the DMF integration protocol, thus 
exhibiting large improvements in tensile parameters.  
   On the whole, the most significant mechanical improvements in the studied composites (as compared 
to the neat matrix) can be summarized as follows: approximately 65% improvement in storage modulus is 
achieved by solvent-free integration of L-SW-AD (1 wt%) or by DMF-based integration of A-SW-DDS-ED 25 
(0.5 wt%); additionally, 91% improvement in the ultimate tensile strength and 65% improvement in tensile 
toughness are also achieved for the latter sample. This is indicative of the possibility of tuning the composite 
  15
performance by means of the tailored functional groups and a suitable preparation procedure. In general, the 
functionalization of SWCNTs with higher molecular weight architectures (AD and ED derivatives) causes 
higher improvements in mechanical properties than those obtained with lower molecular weight moieties 
such as DDS. By modifying the SWCNTs functionality we were able to tailor the filler/matrix interaction 
without changing the chemical composition at the interface. This functionalization strategy leads to stiffer 5 
and stronger composite materials. 
 
3.3. Thermal and thermo-oxidative stability 
Thermal and thermo-oxidative stability was studied by TGA under inert (nitrogen) or oxidant (air) 
atmospheres. TGA plots for composite samples containing 0.5 wt% filler loading are displayed in Figure 4. 10 
These samples experience a single weight loss under inert atmosphere (in the range of 400 - 450ºC), while 
two consecutive weight losses are found in air atmosphere (in the range of 400 – 450ºC and 550 – 600ºC 
respectively), which is in agreement with earlier TGA studies on the same matrix. [28] The temperature of 
maximum rate of weight loss (Tmax), obtained as the inflection point in a TGA curve, was used to compare 
the thermal stability of composites in inert atmosphere for solvent-free (Figure 4a,b) or DMF-processed 15 
(Figure 4c,d) composites.    
 In all cases, the blank samples present slightly lower Tmax values than the parent matrix evidencing, as 
previously stated, the inherent drawbacks of the preparation procedures. Composite samples present 
exceedingly higher Tmax values as compared to reference samples or composites with unfunctionalized 
SWCNTs in both types of processing. The effectiveness of each filler in raising Tmax follows the order SW-20 
AD > SW-DDS > SW-DDS-ED (for solvent-free samples) and SW-DDS-ED > SW-AD > SW-DDS (for 
DMF-processed samples), reaching maximum Tmax increases of 46ºC (SW-AD, solvent-free) and 41ºC (SW-
DDS-ED, DMF), respectively.  
 TGA plots support the premise that the synergistic combination of chemical functionalization and 
preparation procedure enables tuning of physical properties, including thermal stability. A strong interfacial 25 
bonding is suggested on the basis of TGA results, since it is known that the fraction of polymer matrix 
intimately surrounding the filler may degrade at a slower rate, causing the Tmax upshift. [16] These results 
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would agree with an improved interaction between matrix and filler, and with a better filler distribution.  
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Figure 4 - TGA plots at 10ºC/min in nitrogen (a, c) and air (b, d) atmospheres for epoxy and composite 
samples at 0.5 wt% loading prepared by solvent-free method (a, b) or DMF processing (c, d).
  20 
 
Well-dispersed CNTs would provide higher thermal conductivity that promotes the heat dissipation, [29] and 
hinder the diffusion of the degradation products from the bulk polymer to the gas phase, delaying the matrix 
degradation. Composites containing SW-DDS-ED present the best results when processed in organic solvent, 
while for SW-DDS and SW-AD the solvent-free integration method provides the best results, with the SW-25 
AD filler presenting the best improvements in both air and nitrogen atmospheres. 
  Thermo-oxidative stability was ascertained from TGA experiments under air atmosphere. The results 
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are shown in Figure 4b and d for solvent-free and DMF-processed samples, respectively. A similar discussion 
to that of the inert atmosphere TGAs can be made in this case. In the solvent-free composites, the first 
degradation step exhibited a maximum loss rate temperature (Tmax1) that was highly upshifted for composites 
with SW-DDS and SW-AD, showing a maximum upshift of 31ºC (L-SW-AD). The second weight loss 
presented a similar trend in its maximum loss rate temperatures (Tmax2), with the most significant increase 5 
being that of the A-SW-AD composite (56ºC upshift). In DMF-processed samples, the SW-DDS-ED 
composites, as in N2 atmosphere, stand out for their improved thermo-oxidative stability, with upshifts in 
Tmax1 and Tmax2 of 32ºC and 34ºC, respectively. The effect of DMF processing on these parameters for SW-
DDS and SW-AD samples is to cause a lower upshift, one more evidence of the possibility to tune physical 
properties through the combination of a suitable functionalization and integration protocol. 10 
  It is worthy of note that the thermal and thermo-oxidative stability improvements attained in our 
composites are, to the best of our knowledge, the highest reported for epoxy/CNT composites so far, 
especially considering the relatively low loading of filler (0.5 wt%). In other TGA studies in inert 
atmosphere, Ma et al. [30], dealing with epoxy/CNT composites with functionalized CNTs, reported a Tmax 
upshift of 3.9ºC using silane-modified multi-walled carbon nanotubes (MWCNTs) at 0.5 wt% loading; higher 15 
thermal improvements were achieved by Shen et al., who found 26ºC increase for epoxy composites 
containing 4,4’-diaminodiphenylmethane-modified MWCNTs (1 wt%) [31] and 31ºC increase for 
ethylenediamine-modified MWCNTs at 0.25 wt% loading, while it was shown to decrease for 1 wt% loading 
[32]. Spitalsky et al. [33] reported a 25ºC upshift in Tmax for chemically-modified MWCNTs (using 
diazonium reaction) while epoxy thermal stability was further increased (up to 30ºC upshift) with physically 20 
modified MWCNTs (using polyaniline), in both cases at 1 wt% filler loading. The highest thermal stability 
improvement we could find in the literature for epoxy/functionalized-CNTs was reported by Chen et al. [34] 
with an upshift of 49.3ºC for an epoxy composite containing 2 wt% of covalently-modified MWCNTs with 
terminal amines. This result is of the same order as our highest improvement (46ºC upshift in Tmax for 
solvent-free L-SW-AD composite sample at 0.5 wt% loading), although they achieved their result with a 25 
much higher CNT loading. 
  In air atmosphere, TGA literature data for epoxy/CNT composites is somewhat more limited. One of 
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the best results found in the literature is the aforementioned work by Spitalsky et al. [33] who obtained a 
Tmax1 upshift of 34ºC (with chemically-modified MWCNTs) and 40ºC (with physically-modified MWCNTs), 
both at 1 wt% loading. Likewise, Yang et al. [35] reported a Tmax1 and Tmax2 upshift of 5.8ºC and 44.5ºC, 
respectively, for epoxy composites containing 0.6 wt% of MWCNTs functionalized with 
triethylenetetramine. In those works, the indicated improvements are attained at higher CNT loadings than 5 
our composites. The best results in this work (at 0.5 wt% loading) in air atmosphere for Tmax1 (31ºC upshift 
in solvent-free L-SW-AD composite) and Tmax2 (56ºC upshift for solvent-free A-SW-AD composite) are 
noticeable in terms of thermo-oxidative stability improvements. These are even greater than those obtained 
previously by the authors in epoxy composites with other aminated SWCNTs, [18] where the 
functionalization of SWCNTs using the 1,3-dipolar cycloaddition reaction provided a filler that raised the 10 
epoxy Tmax1 by 22ºC (which represents an increase of 12ºC as compared to epoxy composites with 
unfunctionalized SWCNTs). 
  The reason for such good results could be the outcome of two facts. First, our covalently 
grafted moieties contain sulfone groups flanked by benzene rings, which are well know to provide 
excellent thermal resistance in polymers, [36] including the neat TGAP/DDS epoxy matrix. Secondly, the 15 
preservation of the matrix molecular architecture at the interface not only provides strong interfacial 
bonding between filler and matrix, but it could also boost the intrinsic thermal stability of the parent matrix 
so that the degradation rate is greatly lowered. 
 
3.4. Electrical conductivity 20 
In addition to the thermal and mechanical properties, the electrical conductivity of the composites (Figure 
5) was also dependent on the functionalization and preparation procedures. First, epoxy blanks (either 
solvent-free or DMF-processed) exhibited identical conductivity values as the neat matrix (data not 
shown), hence the experimental protocol has low impact on the parent matrix. Electrical conductivity 
measurements for composites prepared solvent-free at different filler loadings are shown in Figure 5a. 25 
 Composites incorporating unfunctionalized SWCNTs display the highest conductivity values, up to 
~10-3 and ~10-6 S/cm (for L-SWCNT and A-SWCNT, respectively). The lower conductivity found for 
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composite samples containing functionalized SWCNTs can be explained in terms of the covalent 
disruption of the SWCNT electronic structure. SWCNTs underwent covalent functionalization through the 
diazonium reaction, which has been reported to act preferentially on SWCNTs with metallic behaviour. 
[37] These types of SWCNTs are mainly responsible for the SWCNT conductive properties, and their 
chemical inhibition would explain the results observed in Figure 5. This is a general behaviour reported 5 
previously by the authors related to the electrical conductivity of composites with functionalized and non-
functionalized SWCNTs. [18] Arc-grown SWCNTs seem to be the most sensitive to this functionalization 
route, since these composites possess the lowest conductivity values in this work.       
 Composites containing A-SW-DDS and A-SW-DDS-ED show the same conductivity values as the 
parent matrix in the studied range of loadings. Such composites would be especially useful in applications 10 
where electrical insulating epoxies with highly improved mechanical performance would be required. 
Electrical percolation is observed for the other composites (generally around the 0.1 wt% loading), 
showing an increase in conductivity by increasing filler loading, and reaching maximum conductivity 
values of ~10-3 S/cm at 1wt%. Nevertheless, SWCNTs functionalized with DDS showed a higher degree 
of functionalization in comparison to AD, [19] being an explanation for the strong difference in electrical 15 
performance between both types of composites. 
         The incorporation of SWCNTs using DMF processing again provides better performance for SW-
DDS-ED-based composites, tested at 0.5 wt% loading (Figure 5b). While electrical conductivity values for 
all composites at 0.5wt% loading remain nearly unchanged with their respective solvent-free counterparts, 
in those samples containing SW-DDS-ED, electrical conductivity is raised by 2 orders of magnitude as 20 
compared to their solvent-free analogous composites. This shows the importance of the proper 
combination between SWCNT functionalization and integration protocol, enabling the physical properties 
of the composites to be tuned. The electrical conductivity (as far as percolation thresholds and maximum 
conductivity values are concerned) in CNT/ polymer composites is highly dependent on dispersion, 
disentanglement, uniform distribution, CNT aspect ratio and type of polymer [5,13,38] as well as the 25 
electronic effects of covalent functionalization. 
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Figure 5. DC conductivity plots for (a) solvent-free composite samples as a function of the SWCNT 40 
loading, (b) DMF-processed composites at 0.5 wt% loading. In Figure 5a, the same colour coding from 
Figure 2a is applied: diamonds, unfunctionalized SWCNTs; triangles, SW-DDS; squares, SW-DDS-ED; 
circles, SW-AD; solid symbols, arc SWCNTs; hollow symbols, laser SWCNTs. 
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a) b)
c) d)
e) f)
 
Figure 6 - Fracture surface SEM images for the DMF-processed (a, e, f) and solvent-free (b, c, d) 
composites containing 0.5 wt% loading of (a) A-SWCNTs, (b) L-SWCNTs, (c) A-SW-DDS, (d and e) L-
SW-AD, (f) L-SW-DDS-ED 
 5 
3.5. Dispersion assessment by SEM observation and Raman mapping 
In the previous discussions regarding the mechanical, thermal and electrical properties of epoxy/SWCNTs 
composites, the improvements achieved have been ascribed mostly to filler-matrix interfacial interactions, 
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as well as to good dispersion of the filler. The observation of fracture surfaces on our composites by means 
of SEM provided additional insights into the state of dispersion and interfacial interaction of SWCNTs in 
the epoxy matrix. Some representative images are shown in Figure 6. The observation of the fracture 
surface of the composites allowed the SWCNT bundle morphology to be recognized. However, as this 
technique is limited to small areas of the filler, the discussions in this section are made after thoroughly 5 
exploring different fracture areas. Composites containing non-functionalized SWCNTs generally present a 
number of aggregates and entanglements, regardless of the processing method employed in the integration 
(DMF (Figure 6a) or solvent-free (Figure 6b)). It is worth noting that laser SWCNT bundles are thicker 
and heavily entangled, whereas arc SWCNT bundles are thinner and tend to form micron-sized 
agglomerates rather than network-like entanglements.  10 
  When SWCNTs are functionalized with DDS (Figure 6c) and integrated solvent-free, a drastic 
change in the fracture edge is noted. The filler is much better dispersed, with almost no presence of 
agglomerates or entanglements, and the length of the protruded bundles dramatically decreases, 
particularly for the A-SW-DDS composite (Figure 6c). This would agree with a strengthened interfacial 
bonding, since SWCNTs that are strongly bound to the matrix avoid the slippage that would lead to their 15 
pull-out, appearing as long ropes hanging from the fracture edge. [39] Instead, SWCNTs are broken 
together with the polymer matrix (enabled by their structural defects), which provides the “dot-like” view 
in Figure 6c. This explanation can equally be applied to solvent-free SW-AD composites (Figure 6d).  
  Composite samples containing SW-DDS or SW-AD integrated using DMF exhibit worse 
SWCNTs dispersion than those seen in their solvent-free counterparts. SWCNTs appear somewhat more 20 
pulled-out and slightly more aggregated (Figure 6e), although in all cases, the fracture morphology is 
visibly better than that of non-functionalized SWCNT composites. This is in consonance with results 
obtained essentially from mechanical and thermal properties, where SW-DDS- and SW-AD-based 
composites present higher improvements when integrated solvent-free. SEM observations support the fact 
that DDS and AD functional groups achieve stronger interfacial bonding using the solvent-free method, as 25 
observed from the lack of pull-out and aggregation. Composites containing SW-DDS-ED present the 
opposite trend. Samples prepared by DMF processing exhibited much better dispersion and much less 
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aggregation, with broken SWCNTs instead of pull-out (Figure 6f). This is again consistent with the former 
characterization, with DMF processing being especially favourable in SW-DDS-ED composites. 
         Additional insights into the state of dispersion in our composites were obtained with Raman 
spectroscopy. Raman intensity maps were used for quantitative evaluation of the 2-dimensional SWCNT 
dispersion at a 1 μm length scale. As the intensities of the Raman modes are proportional to SWCNT 5 
concentration within the sampling volume, the G-band intensity distribution can therefore be used to  
 
 
Figure 7 - Raman image of DMF-processed composites containing 0.5 wt% loading of (A) L-SWCNT, 
(B) L-SW-DDS (C) L-SW-DDS-ED and (D) L-SW-AD. (λexc 785 nm). 
 10 
evaluate the distribution of SWCNTs along the surface of the composite sample. The SWCNT distribution 
was evaluated using a method described by Du et al. [40] in which the Raman intensities for each image 
are normalized to a mean of 100, and the standard deviation (SD) for that average is calculated. 
  - 24 -
Representative Raman images of the G-band intensity distribution of 80 x 120 μm regions are shown in 
Figure 7 for SWCNTs integrated using DMF. The 3-D contour plot of normalized Raman intensity of 
composites containing functionalized SWCNTs (Figure 7 B-C-D) is clearly flatter than that of L-SWCNT 
composites (Figure 7A), with a standard deviation of 22 for L-SWCNT, whereas L-SW-DDS, L-SW-
DDS-ED and L-SW-AD composites have standard deviation values of 17, 9 and 18, respectively. This 5 
indicates that the functionalization procedures improve the distribution of SWCNT in the matrix, with L-
SW-DDS-ED composites (in DMF) exhibiting the best filler distribution within this series of samples. 
 
4. Conclusion 
A new approach is presented for developing high-performance light-weighted SWCNT/ epoxy composites. 10 
The functionalization of SWCNTs with tailored molecules coming from the epoxy matrix native structure 
using diazonium reaction provides different fillers ending in primary amine or epoxide groups. The 
integration of these functionalized SWCNTs into the bulk matrix ensures strong filler-matrix interfacial 
bonding. Besides, the covalently grafted moieties on the SWCNT surface possess a chemical nature that is 
equal to the parent matrix, providing an unchanged molecular architecture at the interface. The 15 
experimental integration procedure also plays an important role. SWCNTs functionalized with terminal 
amines exhibit the best results when integrated solvent-free, while epoxide-terminated SWCNTs present 
the best improvements if integrated by solvent-assisted method. This enables the tuning of the physical 
properties of composites by the proper combination of functional moiety and preparation procedure. The 
as-prepared composites exhibited excellent mechanical properties, with improvements of both maximum 20 
storage modulus and toughness by 65%, and an increase in the tensile strength by 91%, in comparison to 
the neat matrix. Most of the composites exhibited superior thermal and thermo-oxidative stability, 
determined by TGA, with upshifts in the maximum loss rate temperature as high as 46ºC (inert 
atmosphere) or 56ºC (air atmosphere) at only 0.5 wt.%. Moreover, these composites can behave as 
conductive or insulating agents depending on the combination of functional group and preparation 25 
procedure, with conductivity values ranging from ~10-13 to ~10-3 S/cm. In summary, the physical 
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properties of epoxy composites can be tuned through accessible experimental variables, leading to 
improvements that can be ranked among the highest ever achieved in the field of CNT/epoxy composites. 
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